ABSTRACT AP301 [Cyclo(CGQRETPEGAEAKPWYC)], a cyclic peptide comprising the human tumor necrosis factor lectin-like domain (TIP domain) sequence, is currently being developed as a treatment for lung edema and has been shown to reduce extravascular lung water and improve lung function in mouse, rat, and pig models. The current paradigm for liquid homeostasis in the adult mammalian lung is that passive apical uptake of sodium via the amiloride-sensitive epithelial Na 1 channel (ENaC) and nonselective cyclic-nucleotide-gated cation channels creates the major driving force for reabsorption of water through the alveolar epithelium in addition to other ion channels such as potassium and chloride channels. AP301 can increase amiloride-sensitive current in A549 cells as well as in freshly isolated type II alveolar epithelial cells from different species. ENaC is expressed endogenously in all of these cell types. Consequently, this study was undertaken to determine whether ENaC is the specific target of AP301. The effect of AP301 in A549 cells as well as in human embryonic kidney cells and Chinese hamster ovary cells heterologously expressing human ENaC subunits (a, b, g, and d) was measured in patch clamp experiments. The congener TIP peptide AP318 [Cyclo(4-aminobutanoic acid-GQRETPEGAEAKPWYD)] activated ENaC by increasing single-channel open probability. AP301 increased current in proteolytically activated (cleaved) but not near-silent (uncleaved) ENaC in a reversible manner. abg-or dbg-ENaC coexpression was required for maximal activity. No increase in current was observed after deglycosylation of extracellular domains of ENaC. Thus, our data suggest that the specific interaction of AP301 with both endogenously and heterologously expressed ENaC requires precedent binding to glycosylated extracellular loop(s).
Introduction
Regulation of Na 1 and Cl 2 transport across the alveolar epithelium is crucial to lung fluid homeostasis. Ion channels and other transport proteins in the membranes of alveolar type I and alveolar type II (ATII) cells are involved in controlling the flow of ions between the apical alveolar lining fluid (ALF) and the basolateral interstitium. Cation channels include the amiloride-sensitive epithelial Na 1 channel (ENaC), which plays a key role in lung liquid balance (Folkesson and Matthay, 2006; Berthiaume and Matthay, 2007; Eaton et al., 2009) . Nonselective cyclic-nucleotide-gated (CNG) cation channels also conduct Na 1 ions and thereby contribute to lung liquid clearance (Wilkinson et al., 2011) . The main function of K 1 channels, characterized by their high selectivity for K 1 over Na 1 (.100 to 1), is to control membrane potential, thereby maintaining the electrochemical gradient necessary for ion and fluid transport (Bardou et al., 2009) . Chloride channels, including the cystic fibrosis transmembrane conductance regulator that plays a central role in alveolar ion transport (Lazrak et al., 2011) , and other less well characterized Cl 2 channels, such as the ionotropicGABA A receptor (Jin et al., 2006) , voltagegated Cl 2 channels, CLC5 and CLC2, and a basolaterally located Cl 2 channel (Berger et al., 2011) , also contribute to lung liquid homeostasis (Hollenhorst et al., 2011) . The current paradigm for liquid homeostasis in the adult mammalian lung is that passive apical uptake of Na 1 via ENaC and amiloride-insensitive CNG channels creates the major driving force for reabsorption of water through the alveolar epithelium (Matthay et al., 2005; Folkesson and Matthay, 2006; Berthiaume and Matthay, 2007; Hollenhorst et al., 2011; Wilkinson et al., 2011 ). An electrochemical gradient is maintained by Na 1 /K 1 -ATPase, located basolaterally in alveolar epithelial cells, causing Na 1 to enter the cells through apically located ENaC and CNG channels. Water then follows the osmotic gradient thus created, resulting in its removal from the alveoli and subsequent extrusion into the interstitial space (Johnson et al., 2006) . Disruption of these processes occurs in pathologies in which permeability of the alveolar epithelium and pulmonary capillary endothelium is increased, leading to excessive accumulation of ALF and edema (Mutlu and Sznajder, 2005) . In acute lung injury and acute respiratory distress syndrome, improved alveolar fluid clearing capacity has been associated with a better prognosis (Ware and Matthay, 2001) .
ENaC is composed of four homologous subunits (a, b, g, and d), each comprising a large extracellular loop lying between two transmembrane domains flanked by short cytoplasmic amino and carboxyl termini (Canessa et al., 1994a; McDonald et al., 1994; Snyder et al., 1994; Althaus et al., 2011) . Posttranslational modification of ENaC involves proteolytic cleavage of the a and g subunits (Hughey et al., 2003; Kleyman et al., 2009; Gaillard et al., 2010) and N-glycosylation of the a, b, and g subunits Adams et al., 1997; Hughey et al., 2004a) . Cleavage sites for furin and other serine proteases, as well as N-glycosylation sites, occur in the extracellular loops of ENaC subunits. Both extracellular and intracellular proteolysis are believed to participate in ENaC regulation, as evidenced by the presence of numerous sites with different susceptibilities to cleavage by trypsin in all three subunits, including sites in the C-termini of both b and g subunits (Jovov et al., 2002; Hughey et al., 2004b) . Both mature and immature ENaC subunits have been observed at the cell surfaces in stably transfected kidney cells (Hughey et al., 2004a) , and "near-silent" channels in the membranes of cultured fibroblasts expressing ENaC subunits have been identified by their activation after exposure to trypsin (Caldwell et al., 2004) . Proteolytic cleavage of ENaC is thought to increase open probability (P O ) (Chraïbi et al., 1998; Diakov et al., 2008; Gaillard et al., 2010) .
The lectin-like domain of tumor necrosis factor (TIP) and the TIP peptide, a cyclic peptide mimicking this domain (Lucas et al., 1994) , effect ALF reabsorption due to their capacity to enhance amiloride-sensitive Na 1 current in alveolar epithelial cells (Fukuda et al., 2001; Elia et al., 2003; Braun et al., 2005; Vadász et al., 2008; Hamacher et al., 2010; Hazemi et al., 2010) . The edema-reducing effect of the lectin-like domain involves binding to specific oligosaccharides such as N,N-diacetylchitobiose and branched trimannoses (Hribar et al., 1999; Braun et al., 2005) .
AP301 [Cyclo(CGQRETPEGAEAKPWYC)], a cyclic peptide comprising the human TIP sequence and currently being developed as a treatment for lung edema (phase II clinical trials), has been shown to reduce extravascular lung water and improve lung function in a pig model of acute lung injury (Hartmann et al., 2013) and to enhance the amiloride-sensitive Na 1 current in freshly isolated ATII cells from dog, pig, and rat lungs (Hamacher et al., 2010; Tzotzos et al., 2013) . The current-enhancing effect of AP301 is not inhibited by CNG channel blockers, suggesting that AP301 activates Na 1 current flowing through ENaC (Tzotzos et al., 2013) .
ENaC modulators described so far are small molecule compounds such as amiloride (Benos, 1982) , phenamil and benzamil (Hirsh et al., 2006) , which block channel function, and glibenclamide (Chrabi and Horisberger, 1999; Schnizler et al., 2003) , S3969 [N-(2-hydroxyethyl)-4-methyl-2-(4-methyl-1H-indol-3-ylthio)pentanamide] (Lu et al., 2008) and LipoxinA 4 , which activate ENaC. To date, no synthetic peptide of natural origin targeting ENaC has been reported. This study was undertaken to determine whether ENaC is the target of AP301. Thus, the effect of AP301 on the amiloridesensitive Na 1 current in human embryonic kidney (HEK) cells and Chinese hamster ovary (CHO) cells heterologously expressing ENaC subunits (a, b, g, and d) was measured in patch clamp experiments. These results demonstrate that the TIP peptide AP301 can activate ENaC in heterologous expression systems.
Materials and Methods cDNA Constructs and Cell Culture
Enhanced green fluorescent protein tagged cDNAs encoding a, b, and g human (h) ENaC were a kind gift from Dr. Deborah L. Baines (St. George's, University of London, London, UK). cDNAs encoding a, b, and g hENaC were a kind gift from Dr. Peter M. Snyder (University of Iowa Carver College of Medicine, Iowa City, IA). d hENaC was a kind gift from Dr. Mike Althaus (Justus-Liebig University, Giessen, Germany).
Cell Culture and Transfection
HEK-293, CHO, and RPMI-2650 cells were purchased from American Type Culture Collection (Manassas, VA). A549 cells were kindly supplied by W. Berger (Department of Medicine I, Institute of Cancer Research, Medical University of Vienna, Vienna, Austria) in the 80th passage. HEK-293, CHO, and A549 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Vienna, Austria) and RPMI-2650 cells were cultured in Eagle's minimum essential medium (ATCC) supplemented with 10% fetal bovine serum (Invitrogen), 100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich GmbH, Vienna, Austria).
HEK-293 and CHO cells were transfected with plasmids coding for wild-type a-, b-, g-, and d-hENaC or indicated subunit combinations, 24 hours after seeding using X-treme Gene HP DNA Transfection Reagent (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's protocol. The transfection reagent was used in a 1:3 ratio. To avoid excessive sodium loading of the cells, medium was supplemented with (10 mM) amiloride (Sigma-Aldrich GmbH) 24 hours after transfection.
Electrophysiology
Whole-Cell Patch-Clamp. Whole-cell currents were acquired from transfected HEK-293, CHO, or A549 cells at room temperature (19-22°C) 48-72 hours after plating or after transfection using an Axopatch 200B amplifier and DigiData 1440A with pCLAMP10.2 software (Axon Instruments, Union City, CA). Currents were recorded at 10 kHz and filtered at 5 kHz. Green fluorescent protein was used to facilitate selection of successfully transfected cells. Glass coverslips with cultured cells were transferred to a chamber of 1-ml capacity, mounted on the stage of an inverted microscope (Axiovert 100; Carl Zeiss, Oberkochen, Germany). The chamber contained 1 ml bath solution of the following composition (in mM): 145 NaCl, 2.7 KCl, 1.8 CaCl 2 , 2 MgCl 2 , 5.5 glucose, and 10 HEPES, adjusted to pH 7.4 with 1 M NaOH solution. The borosilicate glass patch pipettes (Harvard Apparatus, Holliston, MA) with resistances of 2-4 MV were pulled and polished using a DMZ Universal Puller (Zeitz Instruments, Martinsried, Germany). The pipette solution contained the following (in mM): 135 potassium methane sulphonate, 10 KCl, 6 NaCl, 1 Mg 2 ATP, 2 Na 3 ATP, 10 HEPES, and 0.5 EGTA, adjusted to pH 7.2 with 1 M KOH solution. In ion substitution experiments, NaCl was replaced with equimolar concentrations of N-methyl-D-glucamine chloride (NMDG-Cl). Capacity transients were cancelled, and series resistance was compensated. In whole-cell experiments, capacitance was approximately 9 pF and was routinely compensated. Access resistance was monitored and 75% compensated. Data acquisition and storage were processed directly to a PC.
After GV-seal formation, the equilibration period of 5 minutes was followed by recordings at holding potentials (E h ) at -100 mV unless otherwise stated. Gigaseals were continuously monitored during the experiments to avoid an inadequate voltage clamp. Aliquots of AP301 stock solution, which was prepared with distilled water, were cumulatively added into the bathing solution, resulting in the desired concentrations. Amiloride was added in control experiments to identify the amiloride-sensitive Na 1 current from the total current. The wash-in phase lasted approximately 1 minute. After steady state effects with each indicated compound had been reached, the same clamp protocol was applied as during control recordings. At the end of the experiments with AP301, amiloride was added to show whether the peptide-induced increase in current was due to the amiloridesensitive Na 1 current. In this way, the specificity of the AP301 compound for the amiloride-sensitive Na 1 current could be proven. In the washout phase, the control solution was applied onto the patched cells after reaching the steady state wash-in phase. The amiloridesensitive current was determined by subtracting the whole-cell current measured in the presence of amiloride from that measured in the absence of amiloride at given concentration.
Single-Channel Patch-Clamp. Single-channel currents were acquired at room temperature (19-22°C) 48-72 hours after plating or after transfection using the outside-out, inside-out, and cellattached patch-clamp configurations. Five minutes after gigaseal formation, control recordings were done in every patch with the same pulse protocol as with the test compound. Single-channel currents were recorded using an Axopatch 200B amplifier and DigiData1440A with pCLAMP10.2 software (Axon Instruments). Currents were acquired at 4 kHz and low pass filtered at 1 kHz. The borosilicate glass patch pipettes (Harvard Apparatus) with resistances of 10-14 MV were pulled and polished using a DMZ Universal Puller (Zeitz Instruments). Bath and pipette solutions contained the following (in mM): 145 potassium methane sulfonate, 5 MgCl 2 , 40 mannitol, 10 HEPES, and 5.5 glucose, pH 7.4. Single-channel currents were subsequently filtered at 200 Hz and analyzed with pCLAMP10.2. Eventual slow drifts of the baseline were corrected by fitting a nonsloping baseline through each sweep. Single-channel currents and open probability were obtained from the distance of the peak and the areas under the peak of amplitude histograms, respectively. Records were idealized by setting the detection threshold to half of the unitary current amplitude. Open and closed time distributions were fitted using a nonlinear least-squares method.
Proteolytic Cleavage of ENaC. Experiments were performed with human nasal epithelial cells (RPMI-2650) cells, which express ENaC (Prulière-Escabasse et al., 2010) . A lysine residue in the g subunit of ENaC (gK181) has been identified for the activation of near-silent channels in the plasma membrane by extracellular trypsin, chymotrypsin, or human neutrophil elastase (hNE) (Diakov et al., 2008) .
RPMI-2650 cells showed very little inward current at 2100 mV test pulses. Trypsin (Sigma-Aldrich) at a 100 mg/ml concentration was applied for 1-5 minutes at room temperature. Thereafter, an increase of inward current was observed. After a steady state level was reached, trypsin was washed out and control recordings were done for 3 minutes before AP301 was applied at a concentration of 120 nM. Amiloride (10 mM) was added at the end of each experiment.
Deglycosylation with -(N-Acetyl-b-D-Glucosaminyl)Asparagine Amidase F. Docking and molecular dynamics simulation experiments indicated that the TIP peptide AP301 represents a partial binding motif for chitobiose (Dulebo et al., 2012) . To investigate a possible interaction of TIP peptides with sugar moieties on the cell membrane, deglycosylation of A549 as well as transfected and nontransfected HEK-293 cell membranes was performed with peptide-N 4 -(N-acetyl-b-D-glucosaminyl)asparagine amidase F (PNGase F, peptide N-glycanase) at room temperature. PNGase F is a 34.8-kDa amidohydrolase secreted by Flavobacterium meningosepticum. It was previously shown that 1-to 5-minute treatment of ENaC with PNGase causes the removal of almost all N-linked oligosaccharides. PNGase F digestion deaminates the asparagine residue to aspartic acid and leaves the oligosaccharide intact, keeping it suitable for further analysis. Furthermore, it was previously shown that all six glycosylation sites in the ENaC a subunit can be removed with no obvious effect on channel function . Currents were recorded in the whole-cell and cell-attached modes, the latter for a more detailed study of the kinetics of channel opening in single-channel experiments.
In whole-cell mode experiments, A549 and HEK cells were incubated with the enzyme (100 U) for 1-5 minutes immediately prior to the patch clamp measurements. Glass coverslips with the cultured cells were rinsed with external solution before being transferred to the chamber of the 1 ml bath. After control recordings, 30 nM tumor necrosis factor a (TNF-a) or 120 and 240 nM AP301 was added to the bath solution in A549 cells and 120 nM AP301 in HEK cells.
In single-channel experiments, PNGase F (100 U) was added to the pipette solution. TNF-a, AP301, or AP318 [Cyclo(4-aminobutanoic acid-GQRETPEGAEAKPWYD)] was added to the pipette solution in concentrations corresponding to their respective EC 50 values (8 and 60 nM) (Hazemi et al., 2010) . For single-channel current measurements, 10 mM TEA was also added to the pipette solution to block the potassium channel, which has a large amplitude compared with the sodium channel. In this way, sodium channel opening could be observed without interference from the potassium channel.
Test Compounds and Chemicals
TIP peptides AP301 and AP318 were obtained from APEPTICO Forschung und Entwicklung GmbH (Vienna, Austria). See Hazemi et al. (2010) for structural details. The test compounds were studied at a concentration range of 3.5-240 nM. The stock solutions were prepared with distilled water and stored in the freezer. TNF-a was purchased from Sigma-Aldrich (St. Louis, MO). Recombinant mouse TNF-a expressed in Escherichia coli (T 7539) was used. The stock solution with distilled water was prepared and stored in the freezer at 220°C. The reference compound TNF-a was studied at concentrations ranging from 1.75 to 30 nM. TEA was used at a concentration of 10 mM to block the K 1 current. Both amiloride hydrochloride hydrate and TEA were purchased from Sigma-Aldrich GmbH. PNGase was obtained from Roche Diagnostics GmbH. Amiloride hydrochloride hydrate (SigmaAldrich GmbH) was used at a concentration of 10 mM to block ENaC.
Statistical Analysis
Data represent the mean 6 S.E. unless otherwise stated; experiments were performed on three to seven batches of independently transfected cells in a heterologous expression system. Statistical significance between different groups was determined with an unpaired, two-tailed t test using GraphPad Prism software (version 3.02; GraphPad Software, San Diego, CA). Dose-response curves were plotted, and EC 50 values and Hill coefficients were determined using Microcal Origin 7.0 (OriginLab, Northampton, MA). The activity of AP301 was expressed as a percentage of the paired amiloride response because of variability in hENaC expression between different batches of cultured cells. Amiloride was used at 10 mM for abg-and dbg-hENaC in HEK and CHO cells; these concentrations yielded greater than 95% hENaC inhibition. Only cells with a clear amiloride response were included in data analysis. For whole-cell patch clamp experiments in RPMI-2650 cells, amiloridesensitive inward currents were evoked after trypsin application.
Results

AP301
Activates Amiloride-Sensitive Sodium Current in HEK-293 Cells Transiently Expressing hENaC. We previously showed that AP301 activates amiloride-sensitive current in A549 cells (Hazemi et al., 2010) , a human lung AP301-Induced Activation of hENaC adenocarcinoma cell line endogenously expressing ENaC. The A549 cell line is a widely accepted cell model of ENaC research (Lazrak et al., 2000) . AP301 activates amiloride-sensitive epithelial sodium channels in freshly isolated type II cells of rat, pig, and dog (Tzotzos et al., 2013) . Besides ENaC, A549 cells have other endogenously expressed cation channels like CNG channels; mRNA for CNG channels was detected in realtime polymerase chain reaction studies of A549 cells (Xu et al., 1999) . CNG channels are also known to play a substantial role in alveolar liquid clearance (Wilkinson et al., 2011) . Thus, to further characterize the ENaC activation effect of AP301, it was necessary to express hENaC heterologously (HEK-293 and CHO cells). A previous study reported insignificant expression of a-and g-ENaC subunits in nontransfected HEK-293 cells (Ruffieux-Daidié et al., 2008) . In accordance with these results, we also found low amplitude transient leak sodium current in nontransfected HEK-293 cells.
To characterize effects on ENaC current, experiments were performed with abg-hENaC transiently expressed in HEK-293 cells. Therefore, potential contributions from CNG channels were blocked with either 300 mM L-cis-diltiazem (L-cis) or 1 mM Zn
21
. Transfected cells showed a current amplitude of 79.7 6 3.5 pA before and 75.98 6 2.8 pA after the application of L-cis (300 mM) (P 5 0.2239, n 5 5). Subsequent application of AP301 (120 nM) increased inward sodium current to 1035.2 6 4.4 pA (P , 0.001, n 5 5), and final addition of amiloride (up to 100 mM) blocked almost all AP301-induced current (26.7 6 3.2 pA, n 5 5). These data suggest that AP301 activation of hENaC is independent of L-cis blocked channels (Fig. 1A) . Next, HEK-293 cells transiently expressing hENaC were treated with 1 mM Zn 21 . These transfected cells showed a current amplitude of 97.7 6 5.4 pA in control cells and 95.4 6 5.6 pA in 1 mM Zn 21 treated cells (P 5 0.5324, n 5 5). Subsequent application of AP301 (120 nM) increased inward sodium current to 549.2 6 4.1 pA (P , 0.001, n 5 5), and final addition of amiloride (up to 100 mM) blocked the AP301-induced current through ENaC (35.3 6 6.5 pA) (Fig. 1B) . Experiments indicating that L-cis and Zn 21 do not alter AP301-induced currents were performed by adding L-cis and Zn 21 after the application of AP301 (n 5 3). To further characterize that AP301 increases specifically sodium influx into the cell, ion substitution experiments were performed in both A549 and abg-hENaC transfected HEK-293 cells. When sodium chloride in the bath solution was replaced with equimolar concentrations of sodium aspartate to exclude Cl 2 as charge carrier, AP301 increased inward current to the same extent as with NaCl in the bath solution (n 5 3, data not shown). To confirm that AP301 activates cation conductance in HEK-293 cells transfected with abg-hENaC, we studied the properties of channel currents using a bath solution containing the less permeant cation, NMDG-Cl, as the main charge carrier, instead of NaCl. HEK-293 cells transfected with abg-hENaC showed a control current of 114 6 4.6 pA with NaCl in the bath solution, whereas HEK-293 cells transfected with abg-hENaC showed a control current of 8.5 6 9.9 pA with NMDG-Cl in the bath solution (P , 0.001). AP301 (120 nM) failed to activate inward currents in sodium-free (NMDG-Cl) bath solution (8.6 6 3.4 pA, n 5 9), whereas application of AP301 (120 nM) increased inward current to 987.4 6 6.1 pA in experiments with NaCl as charge carrier (P , 0.001). AP301 failed to activate inward currents in sodium-free solutions, Mean values of AP301 (120 nM) induced current after treatment with AICAR (1 mM for 2 hours); subsequent treatment with amiloride (up to 100 mM) further inhibited inward sodium current (n = 7). ***P , 0.001 compared with control as determined by the t test.
indicating that AP301 responses in sodium-replete solution were attributable to sodium influx (Fig. 1C) . We used AICAR (5-aminoimidazole-4-carboxamide-1-b-d-ribofuranoside) to further confirm that AP301 activates abg-hENaC transfected in HEK-293. Preincubation with AICAR of A549 (Tzotzos et al., 2013) or H441 cells (Albert et al., 2008) endogenously expressing ENaC blocked the amiloride-sensitive sodium current. It has been shown that AICAR and associated activation of AMPK inhibits the constitutive activity of two amiloride-sensitive ENaC-related channels in H441 cells by decreasing channel open probability, whereas no change in abundance of ENaC protein in the apical membrane of H441 cells after treatment with AICAR was detected (Albert et al., 2008) . HEK-293 cells transfected with abg-hENaC showed an inward control current of 78.8 6 3.5 pA. Preincubation of these transfected cells with 1 mM AICAR for 2 hours substantially blocked inward current (53.8 6 9.4 pA, n 5 7) (P , 0.05). Accordingly, AP301 (120 nM) was unable to activate inward sodium current (55.1 6 8.4 pA, n 5 7). Subsequent application of amiloride (up to 100 mM) blocked further inward current (11.6 6 6.0 pA) (Fig. 1D ). These data expand on our previous observations to show that AP301 is a novel and potent activator of hENaC.
AP301 Activates hENaC in a Reversible Manner. Experiments were performed to characterize reversibility of the binding of AP301 on ENaC in A549 cells and heterologously expressed hENaC in HEK-293 cells. AP301 elicited a prompt response from ENaC to increase amiloride-sensitive sodium current within 1-2 minutes. After steady state was reached (5 minutes), subsequent application of control solution brought about a reversal of the current to control values within four pulses, indicating a fast dissociation of AP301 from ENaC (Fig. 2) .
Effects of AP301 and Its Congener AP318 on SingleChannel Current. TNF-a and TIP peptides AP301 and AP318 induced a marked, concentration-dependent increase of macroscopic Na 1 current through ENaC in A549 cells. To study the mechanism of this increase in current, effects of TNF-a, AP301, and the more potent TIP peptide, AP318, on singlechannel current were examined in the cell-attached mode of the patch clamp technique. Experiments were performed at holding potentials of 160 and 260 mV. For single-channel Na 1 current measurements, 10 mM TEA was added to the pipette solution to block the potassium channel in all experiments. TNF-a, AP301, and AP318 were added to the pipette solution at EC 50 concentrations (8, 55, and 25 nM, respectively). The amplitude and Po were calculated from all event histograms. In controls, Na 1 current with a conductivity of 9.4 6 0.1 pS (n 5 18) was observed. This parameter was not significantly changed by TNF-a (9.8 6 0.1 pS, n 5 10), AP301 (9.7 6 0.1 pS, n 5 7), or AP318 (9.6 6 0.3 pS, n 5 9). When amiloride (10 mM) was included in the pipette solution, no channel activity was seen (n 5 3). In the cell-attached mode, TNF-a, AP301, and AP318 significantly increased Po of single channels without affecting the current amplitude ( Fig. 3; Table 1) . Besides mean open time, the number and the duration of bursts were significantly increased by TNF-a as well as AP301 and AP318 (Table 1) . Accordingly, effects of TNF-a, AP301, and AP318 on macroscopic Na 1 current were confirmed by singlechannel current measurements.
TEA-sensitive K 1 current was measured with a conductivity of 261 6 20 pS (n 5 6). This estimated conductance is very close to the value of 242 6 33 pS reported for the TEA-sensitive Ca 21 -activated K 1 channel in A549 cells (Ridge et al., 1997) . Single-channel parameters were not changed significantly by TNF-a or AP301 and AP318. This finding confirms the data obtained with whole-cell recordings (Hazemi et al., 2010) .
AP301 Increases Amiloride-Sensitive Current Only in Post-Translationally Modified hENaC. It has been reported that ENaC is regulated with two unrelated pathways, one involving the ubiquitin system and the other involving luminal serine proteases. ENaC can be activated by (Chraïbi et al., 1998; Diakov et al., 2008; Shi et al., 2013) and fibroblasts (Caldwell et al., 2004) . Proteolytic cleavage of a-and g-ENaC subunits by furin and prostasin is necessary to obtain full channel activity from ENaC expressed in CHO cells (Hughey and Kleyman, 2007) . ENaC is also regulated by sodium selfinhibition, which causes decreased inward sodium current. It was shown that ENaC activity could be increased by apical treatment with hNE in a human airway epithelial cell line endogenously expressing ENaC (Caldwell et al., 2005) .
To independently determine whether AP301 increases P O of near-silent hENaC channels, experiments were performed with human nasal epithelial cells (RPMI-2650 cells). These cells have been shown to express ENaC that can be activated with hNE (Prulière-Escabasse et al., 2010). RPMI-2650 cells showed very little (52.0 6 3.5 pA, n 5 18) inward current at 2100 mV test pulses. Application of AP301 up to 240 nM induced a very low current (57.7 6 3.1 pA, n 5 18), and final addition of amiloride inhibited this current (47.5 6 6.5 pA, n 5 18) (Fig. 4, A and B) . In contrast, when trypsin (100 mg/ml) was applied, a transient increase in inward current was seen that reached a steady state level after 4-5 pulses (76.2 6 3.8 pA, n 5 11). Subsequent application of AP301 (120 nM) showed a robust increase in inward sodium influx (662.1 6 4.2 pA, n 5 11) (P , 0.001). Final addition of amiloride blocked almost all of this AP301-induced current (43.9 6 3.8 pA, n 5 11) (Fig. 4,  C and D) . These data indicate that AP301 activates proteolytically activated (cleaved) but not near-silent (uncleaved) ENaC.
Activation of hENaC in Different Cell Lines with AP301. HEK-293 and CHO cells are widely used model cell lines for the expression of foreign proteins. We previously showed that AP301 increases amiloride-sensitive current in A549 cells endogenously expressing ENaC (Hazemi et al., 2010) . The aim of this study was to characterize AP301 activation of hENaC in heterologous expression systems. To this end, we transiently and stably expressed abg-hENaC in HEK-293 and/or CHO cells. Dose-response experiments were performed in whole-cell configuration to investigate the amiloride block after AP301 activation. As shown in Fig. 5A , activation of hENaC with AP301 was similar in all three cell models with EC 50 values of 54.7 6 2.24 nM (n 5 7) in HEK-293 cells, 58.1 6 1.9 nM (n 5 9) in CHO cells, and 54.7 6 1.0 nM (n 5 11) in A549 cells. In all of these cell models, a higher concentration of amiloride was needed to block the AP301-induced current than in the absence of AP301. As shown in Fig. 5B , a more than 2.5-fold higher (25.09 6 2.3 mM, n 5 7) concentration of amiloride was required to block the AP301-induced current through hENaC compared with control current obtained in the absence of AP301 (9.8 6 1.2 mM, n 5 7).
hENaC Subunit-Specific Activation of AP301. ENaC is a member of the degenerin family of nonvoltage-gated ion channels. In epithelial tissues, the channel is composed of four homologous subunits (a, b, g, d) with 30-40% identity in their amino acid sequence (Canessa et al., 1994b; Althaus et al., 2011) . It was shown that expression of a-ENaC alone or in combination with either b or g-ENaC is sufficient to make a conducting channel. In contrast, expression of b-ENaC or g-ENaC alone in Xenopus laevis oocytes did not result in significant rENaC currents; coexpression of all three subunits (a, b, and g) was needed for full channel activity (Canessa et al., 1994b; Snyder et al., 1994) . It is widely accepted that all three subunits are glycosylated when expressed in a heterologous system (Staub et al., 1997) or in a cell-free translation assay, demonstrating that they share a common pattern of membrane insertion in vitro (Canessa et al., 1994a) .
Studies were conducted to determine the subunit requirements of hENaC expressed in HEK-293 cells to activation by 120 nM AP301. In control experiments without addition of AP301, all hENaC subunits showed some transient amiloridesensitive currents (a subunit: 41.3 6 9.8 pA, n 5 19; b subunit: 15.6 6 8.5 pA, n 5 19; g subunit: 19.1 6 7.3 pA, n 5 19; d subunit: 56.2 6 7.2 pA, n 5 7) when expressed alone or in dimeric combinations (ab: 33.1 6 5.4 pA, n 5 21; ag: 39.2 6 7,9 pA, n 5 21; bg: 31.8 6 11.2 pA, n 5 21; db: 41.0 6 13.5 pA, n 5 7; dg: 34.5 6 10.0 pA, n 5 7). However, these current amplitudes were significantly less than that of the abg-hENaC subunits (93.2 6 5.5 pA, n 5 27) (P , 0.001) or dbg-ENaC subunit triplets (117.2 6 6.9 pA, n 5 7) (P , 0.001). AP301 treatment of HEK-293 cells expressing these same subunit (ms) 5.7 6 1.3 210.6 6 47.8* 47.9 6 1.4* 42.2 6 12.5* Mean intraburst interval (ms) 0.29 6 0.03 0.60 6 0.1*** 0.63 6 0.03* 0.60 6 0.12*** *P , 0.001; **P , 0.05; ***P , 0.01.
combinations showed that although some response (P , 0.001 compared with the a subunit alone) may be elicited from cells coexpressing ab, ag, db, and dg subunits (316.0 1 1.8 pA, 452.0 1 2.0 pA, 291.8 1 7.2, and 441.5 1 11.7 pA, respectively), three wild-type abg-hENaC or dbg-ENaC subunits are necessary to elicit a rapid and robust response to AP301 (953.2 1 3.4 pA, n 5 21; and 1002.1 1 9.1, respectively) (Fig. 6 ).
Effect of Deglycosylation on Activation of AmilorideSensitive Sodium Current by TNF-a and AP301 in A549 Cells. The effect of AP301 (120 nM) was studied in cellexcised multichannel inside-out and outside-out patches of A549 cells. Mean values of total currents are shown in Fig. 7A . In control, outside-out patches' current amplitude of 5.1 6 1.3 pA (n 5 17) was significantly increased to 15.3 6 0.9 pA (n 5 17) (EC 50 in HEK: 54.7 6 2.2 nM, n = 7; and in CHO: 58.1 6 1.9 nM, n = 9) as endogenously expressed in A549 cells (EC 50 54.7 6 1.0 nM, n = 11). The respective control currents were 78.2 6 5.9 pA in HEK-293, 109.7 6 11.0 pA in CHO, and 118.5 6 8.3 pA in A549 cells. Cells were patched in the whole-cell mode; inward current was elicited at 2100 mV. (B) Doseresponse curves of amiloride-inhibited current through abg-hENaC (n = 9) expressed in HEK-293 cells before (control, squares) and after the activation with AP301 (120 nM, circles).
AP301-Induced Activation of hENaC (P , 0.001) with 120 nM AP301 in the bath solution. In contrast, inside-out patch-clamp configuration did not yield increased total inward current (control: 4.9 6 2.3 pA; 120 nM AP301: 4.8 6 5.7 pA, n 5 13) when AP301 was applied to the bath solution (Fig. 7A) . These data suggest that activation of hENaC by AP301 requires its interaction with the extracellular loop region of ENaC.
To further characterize this effect, deglycosylation of the extracellular loops of ENaC was performed with endoglycosidase. A549 cells showed a current amplitude of 90.3 6 3.5 pA before and 84.0 6 6.1 pA (n 5 17) after treatment with 100 U PNGase. Subsequent application of 120 nM AP301 induced no increase in inward sodium current in PNGase-treated cells (85.5 6 2.9 pA, n 5 17) whereas the same concentration of AP301 yielded a 10-fold higher inward current (1073.3 6 5.4 pA, n 5 14) (P , 0.001) in non-PNGase-treated cells. Final addition of amiloride blocked the AP301-induced current (Fig.  7B) . In addition to whole-cell recordings, deglycosylation of the A549 cell membrane was also performed with PNGase F in single-channel patches in the cell-attached mode. In this case, the enzyme was added to the pipette solution. Singlechannel studies confirmed the effect of deglycosylation with PNGase F found in whole-cell recordings. In PNGase F-untreated cell membranes, P O was significantly increased by TNF-a and TIP peptides (control: P O 0.09 6 0.02, conductivity 9.6 6 0.2 pS, n 5 10; TNF-a: P O 0.77 6 0.08, conductivity 9.8 6 0.1 pS, n 5 10; AP301: P O 0.69 6 0.05, conductivity 9.7 6 0.1 pS, n 5 7; AP318: P O 0.78 6 0.05, conductivity 9.6 6 0.3 pS), whereas no effect of TNF-a and TIP peptides on P O and conductivity was observed after deglycosylation (control: P O 0.09 6 0.01, 9.6 6 0.2 pS; TNF-a: P O 0.10 6 0.03, 9.6 6 0.4 pS, n 5 4; AP301: P O 0.09 6 0.02, 9.7 6 0.4 pS, n 5 3; AP318: P O 0.10 6 0.02, 9.6 6 0.4 pS, n 5 3), indicating the participation of sugar moieties of the cell membrane in binding of TIP peptides.
To independently characterize the effect of AP301 in deglycosylated loop(s), experiments were next performed in a heterologous expression system. For this purpose, HEK-293 cells were transfected with abg-hENaC. In these experimental settings, transfected HEK-293 cells showed a current of 79.2 6 4.0 pA (n 5 21) before and 68.3 6 5.1 pA (n 5 21) after treatment with PNGase. Subsequent application of 120 nM AP301 induced no increase in inward sodium current in PNGase-treated cells (67.3 6 4.2 pA, n 5 19), whereas the same concentration of AP301 yielded a 10-fold higher current (1086.2 6 7.4 pA, n 5 19) (P , 0.001) in non-PNGase-treated cells. Final addition of amiloride blocked the AP301-induced current (Fig. 7 C) . To rule out the possible activation of a transient leak current with AP301, experiments were performed in nontransfected HEK-293 cells in controls and after PNGase enzyme treatment. Nontransfected cells showed a transient leak current of 1.1 6 6.0 pA (n 5 31) before and 11.1 6 5.0 pA (n 5 31) after treatment with PNGase. Subsequent application of 120 nM AP301 showed no increase in inward sodium current in PNGase-treated (14.5 6 6.4 pA, n 5 11) as well as non-PNGase-treated cells (14.5 6 5.9 pA, n 5 11). Final addition of amiloride showed a minimal current block (Fig. 7 D) . Thus, our data suggest that binding of AP301 to a specific binding site of ENaC requires precedent interaction with a glycosylated extracellular loop(s) in both endogenously and heterologously expressed ENaC.
Discussion
Alveolar fluid clearance is regulated by cation and anion channels as well as ion transporters. Cation channels include ENaC (Folkesson and Matthay, 2006; Berthiaume and Matthay, 2007; Eaton et al., 2009) , CNG (Wilkinson et al., 2011) , and K 1 channels (Bardou et al., 2009) . Chloride channels that contribute to alveolar fluid clearance enclose cystic fibrosis transmembrane conductance regulators (Lazrak et al., 2011; Solymosi et al., 2013) and other Cl 2 channels such as the GABA A receptor (Jin et al., 2006) , voltage-gated Cl 2 channels, CLC5 and CLC2, and a basolaterally located Cl 2 channel (Berger et al., 2011; Hollenhorst et al., 2011) . In previous studies and in this study, we could exclude CNG channels Highest amount of amiloride-sensitive current was only detectable in triplet subunit expressions. Dual combinations only showed an increase in current in presence of the pore-forming a or d subunits. By contrast, b and g alone or expressed together showed a very low level of amiloridesensitive current (n = 19 to 21). ***P , 0.001 compared with abg-hENaC. (Tzotzos et al., 2013) and K 1 channels (Hazemi et al., 2010) as main targets for our lead compound AP301. Furthermore, in this study, we could also exclude chloride channels as a target for AP301, because AP301 still increased inward current to the same extent upon replacement of sodium chloride in the bath solution with equimolar concentration of sodium aspartate. On the basis of these findings, we suggest that ENaC is the main target for TIP peptides and, thus, we further characterize the effects of AP301 on ENaC.
To our knowledge, only a few ENaC activators are known: S3969 is a small molecule opener of ENaC that increased hENaC P O in a b subunit-dependent manner in heterologous expression system; and Lipoxin A4 increased a-and g-ENaC protein expression and Na 1 -K 1 -ATPase activity in an animal model (Lu et al., 2008; Wang et al., 2013) . We previously showed that AP301, a TIP-derived peptide, can increase amiloride-sensitive current in A549 cells (Hazemi et al., 2010) as well as in freshly isolated ATII epithelial cells from different species (Tzotzos et al., 2013) ; ENaC is expressed endogenously in all of these cell types.
In this study, we have shown that a TIP-derived peptide activates inward sodium influx through ENaC in a heterologous expression system.
Effects of TIP Peptides on Single-Channel Current Kinetics. Macroscopic current depends on the number, single-channel current, and P O of functional channels in the plasma membrane. TIP peptides could activate ENaC by increasing one or more of these parameters. The observed immediate stimulatory effect of AP301 points rather to a direct effect on the channel kinetics in the plasma membrane Fig. 7 . The post-translationally modified extracellular loop is critical for AP301 activation of hENaC. (A) Inside-out and outside-out patch-clamp configurations; inward current was elicited at 2100 mV. The effect of AP301 (120 nM) was studied in inside-out and outside-out patches in A549 cells. Mean values of total current are shown. Control current was 5.1 6 1.3 pA in outside-out patches (n = 17) and 4.9 6 2.3 pA in inside-out patches (n = 17). Application of AP301 (120 nM) in the bath solution showed activated hENaC current (15.3 6 0.9 pA, n = 17, P , 0.001) in outside-out patches. In contrast, inside-out patch-clamp configuration did not yield increased total inward current (4.8 6 5.7 pA, n = 13). (B) Quantitation of 120 nM AP301-induced amiloride (10 mM)-sensitive currents without and after treatment with 100 U PNGase F for 1-5 minutes in endogenously expressed hENaC in A549 cells (n = 17, P , 0.001, AP301 treated cells compared with and without PNGase F treatment). (C) Quantitation of 120 nM AP301-induced amiloride (10 mM)-sensitive currents without and after treatment with 100 U PNGase F in transiently expressed hENaC in HEK-293 cells (AP301 treated cells compared with PNGase F and AP301 treated cells: n = 19-21, P , 0.001). (D) Quantitation of 120 nM AP301-induced amiloride (10 mM)-sensitive currents without and after treatment with 100 units PNGase F for 1-5 minutes and in nontransfected HEK-293 cells (n = 31). ***P , 0.001.
AP301-Induced Activation of hENaC
than to an increase of the number of channels by promoting vesicular trafficking of newly synthesized channels from an intracellular pool to the cell surface, a process that would require tens of minutes . The former mechanism was reported for S3969, a small molecule activator of ENaC in the micromolar range (Lu et al., 2008) . Indeed, our results show that AP301 and AP318 significantly increased open time, number, and duration of bursts in singlechannel current without affecting single-channel current amplitude. Although our data, derived from macroscopic and single-channel recordings, indicate that AP301 and AP318 activate hENaC by increasing P O , an additional effect on the expression of ENaC still has to be verified. Moreover, how AP301 increases open probability of ENaC remains to be elucidated.
Specificity of ENaC Activation. Previous studies led to the conclusion that it is unlikely that HEK-293 cells produce endogenous ENaC (Ruffieux-Daidié et al., 2008) since mRNAencoding a-, b-and g-ENaC was not detected in real-time polymerase chain reaction experiments with nontransfected HEK-293 cells. Nevertheless the same researchers observed endogenous cross-reacting proteins to antibodies of a-and g-ENaC in Western blots of nontransfected HEK-293 cells. We also found a small sodium leak current in nontransfected HEK-293 cells. Consequently, contribution of any nonselective cation channel (Xu et al., 1999; Qiu et al., 2000) and potential contribution of CNG channels were blocked with L-cis or Zn 1 because these channels also conduct amiloride-sensitive current. The concentration of amiloride required to bring about 50% inhibition of CNG channels (IC 50 , the half maximum inhibitory concentration) is 39-125 mM (Xu et al., 1999) , whereas the IC 50 for amiloride is 10 mM for the moderately selective ENaC described in A549 cells (Lazrak et al., 2000) and lower IC 50 concentrations of 1 and 10 mM, respectively, are observed for highly selective and nonselective ENaC in H441 cells (Albert et al., 2008) . In HEK-293 cells expressing abg-hENaC, application of AP301 showed increased inward sodium current after the treatment of L-cis and Zn 1 . To block this AP301-induced current, higher amiloride concentrations (IC 50 5 25 mM) were necessary than in controls (IC 50 5 9.8 mM). Increased amiloride-sensitive current, after addition of AP301 subsequent to L-cis or Zn 21 , in HEK-293 cells transfected with abg-hENaC, suggests that AP301 interacts with ENaC as its first target. This finding is supported by the fact that ENaC could not be activated by AP301 either when NMDG replaced sodium ions as a charge carrier or after pretreatment of the cells with AICAR, which we solely used as a molecular tool to block amiloride-sensitive sodium current. This blockade is reported to be caused by activation of AMPactivated protein kinase, but did not increase cell surface expression of ENaC proteins (Albert et al., 2008) .
The maximal stimulatory effect of AP301 on hENaC function in human cell lines is acute and current rapidly returns to baseline after AP301 washout. Reversible ENaC activation suggests that AP301 interacts noncovalently with ENaC channels.
Subunit Requirements for Maximal Current Activation. Maximum activation with AP301 was observed when the pore-forming ENaC subunits, a or d, were coexpressed with the b and g subunits. For pairwise combinations of heterologously coexpressed subunits, a significant enhancement of current by AP301 was seen with the ab, ag, db, and dg subunit combinations, but not with the bg combination. These findings are in contrast to those of Lu et al. (2008) , who showed a current activation with S3969 that was observed only in oocytes coexpressing a-, b-, and g-ENaC, but not in cells expressing any of the possible pairwise subunit combinations. The reason why the bg-ENaC subunit combination did not show an effect with AP301 is unclear. Possible explanations are the absence of coexpression of the a subunit that was previously shown to be required for expression of maximal channel activity at the plasma membrane (Canessa et al., 1994b) and that specific binding site(s) might be located at the a and d subunits. Our data suggest that the binding pocket for AP301 activation of ENaC is only optimally formed upon coexpression of pore-forming a or d subunits together with bg subunits.
Effect on Proteolytically Cleaved or Quiescent ENaC. Our experiments indicate that the amiloride-sensitive Na 1 current-enhancing effect of AP301 requires ENaC that has been proteolytically cleaved and released from Na 1 -dependent self-inhibition. The majority of channels in the RPMI-2650 cell membrane are closed or in a quiescent, nonconducting state (Prulière-Escabasse et al., 2010) . Nonconducting or quiescent ENaC may be poorly accessible to AP301. AP301 may interact with ENaC to stabilize an open conformation after transition from the closed to open state after trypsin treatment, thereby inducing longer openings of the channel. The EC 50 values in the three cell models (A549, abg-ENaC expressed in HEK-293, abg-ENaC expressed in CHO) are almost the same, indicating that AP301 activates ENaC in a similar manner. Before preincubation with low concentration of Na 1 solution to remove sodium-dependent self-inhibition, HEK-293 cells transfected with abg-ENaC showed small currents with AP301. AP301 was able to activate inward sodium current only after removal of sodium-dependent self-inhibition. In contrast, ENaC produced in CHO cells, coexpressing a, b, and g-ENaC subunits, showed a larger initial open probability owing to endogenous proteolysis (Hughey et al., 2004b) . In these cells, AP301 elicited immediate activation of inward current. Similarly, A549 cells showed larger control currents and robust AP301 response. These data indicate that activation by AP301 requires proteolytically processed channels. In addition, these findings provide indirect support for the therapeutic potential of AP301 in ALC in pulmonary edema. Increased concentrations of proteases in combination with decreased concentrations of the naturally occurring protease inhibitor a-1-antiprotease in the lungs are characteristic pathophysiological features in patients with lung edema and acute respiratory distress syndrome; consequently, alveolar ENaC in patients with edema is likely to be proteolytically cleaved (Hunninghake et al., 1979) . This would ultimately facilitate access of AP301 to the channel. Furthermore, inability of AP301 to activate near-silent ENaC suggests that AP301 is unable to release ENaC from a quiescent state or from sodium selfinhibition in the manner of serine proteases (Chraïbi et al., 1998; Caldwell et al., 2004; Sheng et al., 2006) . These data are in contrast to the findings of Lu et al. (2008) , who reported that hENaC activation by S3969 does not require cleavage by furin proteases.
Requirement of Glycosylated ENaC for Interaction. Our findings that AP301 activation of hENaC specifically required glycosylated extracellular domains of ENaC to enable binding to the thus far unidentified specific binding site of TIP peptides are based on the following results. AP301 showed no activation of sodium current in inside-out multichannel patches, whereas AP301 induced an inward current increase in outsideout multichannel patches when the test compound was applied to the bath solution. Furthermore, deglycosylation of cell membranes abolished inward current activation by AP301. This was demonstrated in whole-cell recordings and in singlechannel experiments in both endogenously as well as heterologously expressed hENaC. Recent docking and molecular dynamics simulation experiments indicated that the TIP peptide AP301 represents a partial binding motif for chitobiose (Dulebo et al., 2012) . By definition, lectins bind to glycans, and our data clearly show that glycosylation of ENaC is necessary for activation with AP301. To note, it was previously shown that removing glycosylation sites did not affect the conductance of ENaC, indicating that deglycosylation has no effect on channel function .
In all tested cell models, a higher concentration of amiloride was needed to block the AP301-induced current than in the absence of AP301. Amiloride potency shift after AP301 treatment is still an unresolved phenomenon. We hypothesize that more than one mechanism may be involved. Mutagenesis studies have identified residues in the outer pore entrance that are critical for ENaC block by amiloride (Kellenberger et al., 2003) . Thus, docking of AP301 to a glycosylation site in the vicinity of these residues could be aggravated. Preliminary data from mutagenesis studies further corroborate our findings (data not shown).
In conclusion, we have shown that the TIP-derived peptide AP301 1) specifically targets endogenously and heterologously expressed ENaC, 2) activates proteolytically processed ENaC in a reversible manner, 3) requires the pore-forming a or d subunit, coexpressed with bg subunits, for maximal activity, and 4) requires glycosylated extracellular domains of ENaC to enable binding to an unidentified specific binding site.
